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ABSTRACT 

Title of Thesis: Magainin 2a-Induced Permeabilization of 

Phospholipid Vesicles. 

Earl Grant, Jr., Doctor of Philosophy, 1991 

Thesis directed by: Mark A. Roseman, Ph.D. 

Department of Biochemistry 

The magainins, a class of antimicrobial peptides 

secreted by the frog Xenopus laevis. appear to kill cells 

by permeabilizing the plasma membrane. To gain some insight 

into the mechanism of action, we have studied the magainin 

2a-induced release of entrapped 6-carboxyfluorescein (6Cr) 

from small unilamellar vesicles (SUVs) of phosphatidylserine 

(PS). 

Addition of peptide to the SUVs causes an initial 

rapid release of dye, lasting about 100 sec, followed by 

a much slower release of the remaining dye. The following 

experiments rule out the possibility that the biphasic 

kinetics are due to, (a) metastability of the starting 

vesicles, (b) interaction of vesicles with aggregates of 

peptide arising from the concentrated stock solution, (c) 

irreversible inactivation of the peptide upon interaction 

with the vesicles, or (d) peptide-induced fusion of the 

vesicles: 

1. Sequential addition of peptide at 100 sec intervals 

produces biphasic kinetics with each addition. 
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2. Biphasic kinetics are still observed with pre-incubated 

dilute solutions of peptide. 

3. Biphasic kinetics are still observed after pre-incuba-

tion of peptide with unloaded vesicles. 

4. Light scattering of the SUVs does not significantly 

increase upon addition of peptide. 

A binding isotherm, determined by the "indirect 

method" (Thron, C. D. (1964) J. Pharmacol. Exp. Ther. 145. 

194-201) showed that r, the ratio of bound peptide per 

lipid, varies linearly with free peptide and that the 

fractional rate of dye release increases linearly with r. 

These results indicate that the peptide does not signifi

cantly aggregate on the vesicle surface, and that leakage 

does not arise from multimeric peptide aggregates. This 

tends to rule out the possibility that channels are respon

sible for the leakage. 

Fluorescence quenching studies showed that dye is 

released in an "all-or-none" manner. Although this suggests 

that channels are causing the leakage, all-or-none release 

was also observed under certain conditions with Triton X-

100. 

We conclude that the fast release is caused by 

transient destabilization of the bilayer upon initial inter

action of the SUVs with peptide. The mechanism of slow 

release remains to be determined. 

iv 



MAGAININ 2a-INDUCED PERMEABILIZATION 
OF PHOSPHOLIPID VESICLES 

by 

Earl Grant, Jr. 

Thesis submitted to the Faculty of the 
Department of Biochemistry Graduate Program 

of the Uniformed Services University 
of the Health Sciences in partial 

fulfillment of the requirements for the 
degree of Doctor of Philosophy, 1991 



DEDICATION 

To Ivory, Earl, and Joseph in recognition and appreciation 

of your sacrifice, strength, and support. I love you and 

thank God that we are family. 

Praise God from whom all blessings flow through Jesus Christ 

by the Holy Spirit. Thank you Lord for this good and per

fect gift. 

VI 



ACKNOWLEDGEMENT 

I would like to acknowledge the following individuals who 

served on my committee: 

Dr. Mark A. Roseman 

Dr. Troy J. Beeler 

Dr. Hao-Chia Chen 

Dr. Robert W. Williams 

Dr. Noreen Williams 

for his guidance, advice, 

positive approach to research, 

and detailed review of this 

thesis 

for his suggestions, scien

tific insight, and careful 

review of this thesis 

for his wise insight and care

ful review of this thesis 

for his help and careful 

review of this thesis 

for her helpful and encourag

ing discussions and careful 

review of this thesis 

Vll 



TABLE OF CONTENTS 

page 

I. Abstract iii 

II. List of Figures x 

III. List of Tables xiii 

IV. Abbreviations xiv 

V. Introduction 1 

VI. Experimental Procedures 24 

A. Materials 24 

B. Buffers 24 

C. Methods 27 

1. Preparation of LUVs by Reverse Phase 

Evaporation 27 

2 . Preparation of SUVs by Sonication 28 

3. Assay of the Functional Activity of 
MGN2a 28 

4. Determination of the Mode of 6CF Release 
from SUVs 30 

5. Light-Scattering 36 

6. Osmolarity Measurements 39 

VII. Results 40 

A. Effect of MGN2a on the Permeability of PS 
Vesicles 40 

B. Effect of Extravesicular Osmotic Pressure on 
6CF Release from SUVs Induced by MGN2a 40 

C. Light-Scattering Studies 45 

D. Determination of the MGN2a-lipid Binding 
Constant 55 

E. Studies on the Biphasic Release of 6CF 67 

Vlll 



1. Possibility of MGN2a-Induced Global 
Destabilization of SUVs 67 

2. Possibility of SUVs Interacting with 
Water Soluble Aggregates of MGN2a 70 

3. Possibility of Irreversible MGN2a 
Inactivation 84 

4. Determination of the Mode of Dye Release 
from SUVs 93 

VIII. Discussion 137 

IX. References 144 

I'^EJie? •:': 

IX 



LIST OF FIGURES 

Figure Page 

1. The structure of 6CF 26 

2. Assay for MGN2a functional activity 32 

3. Depiction of all-or-none versus graded 
release mechanisms 34 

4. Standard quenching curve for 6CF entrapped 
within PS SUVs 38 

5. MGN2a-induced release of 6CF from PS SUVs 42 

6. Semilog plot of MGN2a-induced release 
of 6CF from PS SXJrVs 44 

7. MGN2a-induced release of 6CF from PS SUVs 
in buffer containing no sucrose 47 

8. MGN2a-induced release of 6CF from PS SUVs 
in buffer containing sucrose 49 

9. Osmotic dependence of peptide-induced release 
of 6CF from PS SUVs 51 

10. Dependence of 6CF leakage rate on peptide and 
lipid concentration 59 

11. Estimation of free and membrane-bound peptide 
concentration 61 

12. Binding isotherm for the interaction of MGN2a 
with 6CF loaded PS SUVs 63 

13. Quantitative analysis of MGN2a-induced leakage 
of 6CF from PS SUVs 66 

14. Leakage of 6CF as a function of peptide and 
lipid concentrations 69 

15. Successive addition of MGN2a to 6CF 
loaded PS SUVs 72 

16. MGN2a-induced release of 6CF from 
PS LUVs 74 

17. Semilog plot of MGN2a-induced release 
of 6CF from PS LUVs 76 



LIST OF FIGURES (continued) 

Figure Page 

18. Effect on functional activity of pre-
equilibrating MGN2a in buffer A 79 

19. Effect on functional activity of pre-
equilibrating MGN2a for 24 hr in 
buffer A 81 

20. Effect on functional activity of allowing 
MGN2a to pre-equilibrate in buffer A 
with continued stirring 83 

21. Determination of the interaction of MGN2a 
with the walls of the cuvette 86 

22. Effect on functional activity of MGN2a 
interacting with unloaded vesicles 
prior to addition of loaded vesicles 88 

23. Addition of MGN2a to a mixture of loaded 
and unloaded vesicles 90 

24. Addition of a mixture of loaded and unloaded 
vesicles to MGN2a in buffer A 92 

25. Semilog plot of the effect of MGN2a inter
action with unloaded vesicles 95 

26. Interaction of MGN2a with a mixture of 
loaded and unloaded vesicles of approxi
mately equal PS concentration 97 

27. Addition of unloaded vesicles to a mixture 
of MGN2a and loaded vesicles 99 

28. Melittin-induced release of 6CF 
from PS SUVs 105 

29. Effect on functional activity of pre-
equilibrating melittin in buffer A 107 

30. Semilog plot of melittin-induced release 
of 6CF from PS SUVs 109 

31. Semilog plot of 6CF release from SUVs added 
to melittin pre-equilibrated in buffer A for 
5 minutes Ill 

XI 



LIST OF FIGURES (continued) 

Figure Page 

32-34. Triton X-100-induced release of 6CF from 
PS SUVs 114-119 

35-37. Semilog plots of Triton X-100-induced re
lease of 6CF from PS SUVs 120-125 

38. OG-induced release of 6CF from PS SUVs 131 

39. Semilog plot of OG-induced release of 
6CF from PS SUVs 133 

Xll 



LIST OF TABLES 

Table page 

I. Osmolarity of Buffer B containing various 
concentrations of sucrose or 6CF 50 

II. MGN2a-induced increase in light-scattering 
of PS SUVs 56 

III-V. Internal fluorescence after MGN2a-induced 
6CF release from PS SUVs 100-102 

VI-VII. Internal fluorescence after melittin-induced 
6CF release from PS SUVs 112-113 

VIII-X. Internal fluorescence after Triton X-100-
induced 6CF release from PS SUVs 126-128 

XI-XII. Internal fluorescence after OG-induced 
6CF release from PS SUVs 134-135 

xill 



ABBREVIATIONS 

PS, phosphatidylserine; 6CF, 6-carboxyfluorescein; OG, 

octylglucoside; MGN2a, Magainin 2a; LUVs, large unilamellar 

vesicles; SUVs, small unilamellar vesicles; SDS, sodium 

dodecyl sulfate; EDTA, ethylenediaminetetraacetic acid; 

MGNl, Magainin 1; MGN2, Magainin 2; PGLa, Peptide beginning 

with Glycine and ending with amidated Lysine; Pipes, 

piperazine-N,N'-bis(2-ethanesulfonic acid); CD, circular 

dichroism; NMR, nuclear magnetic resonance spectroscopy; 

TFE, 2,2,2,-trifluoroethanol; and PC, phosphatidylcholine. 

XIV 



INTRODUCTION 

Magainin was originally isolated as "PCS", which 

stands for "Peptide beginning with Glycine and ending with 

Serine" (Giovannini et al., 1987). Earlier studies had 

shown that the dermal glands of many species of amphibia 

could produce secretions containing polypeptides of varied 

physiological activities (Erspamer and Melchiorri, 1980; 

Nakajima, T., 1981). Giovannini et al. (1987) induced glan

dular secretions from the South African frog, Xenopus lae

vis,, by noradrenaline injections; analysis of the skin 

secretions by fast atom bombardment mass spectrometry and 

high performance liquid chromatography (HPLC) showed that a 

relatively large number of peptides in the secretory vesi

cles have molecular masses between 2400 - 2700 Da. Although 

no physiological activities for these peptides were iden

tified at that time, this group of isolated peptides con

taining PCS and (Gly-10, Lys-22) PGS would later become 

known as the antimicrobial peptides, magainins. 

The antimicrobial activity of magainins was first 

characterized by Zasloff (1987). It is interesting to note 

that the observant eye plus the inquiring mind of the scien

tist will lead to significant findings. This combination of 

observation and inquisitiveness led Dr. Zasloff to the 

isolation of a family of peptides with broad - spectrum 
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antimicrobial activity. The laboratory of Dr. Zasloff was 

studying RNA expression in eukaryotes by utilizing the 

Xenopus laevis oocyte system. The studies required the 

removal of the ovaries surgically, and the surgical proce

dure was completed by suturing the muscle wall and skin 

separately. Zasloff was intrigued by the fact that these 

animals rarely developed infection even though the surgical 

procedure was nonsterile and the water-filled tanks were 

microbially contaminated. This absence of infection sug

gested that there may be some factor in the skin of the frog 

aiding this type of remarkable wound healing. 

To isolate the antimicrobial factor(s), the skin 

from the ventral surface of one adult female Xenopus laevis 

was used to make a crude extract, which was subsequently 

fractionated by ion exchange chromatography and gel filtra

tion (Zasloff, 1987). The active fractions were identified 

as those that inhibited growth of Ej. coll colonies on aga

rose plates. SDS gel electrophoresis of these active frac

tions revealed peptides with molecular weights between 2000 

and 3000 Da. Two closely related peptides with the highest 

specific activity were called "magainins" (derived from 

"magain", the Hebrew word for shield (Zasloff, 1987)). 

These two peptides, MGNl and MGN2, were the same as (Gly-10, 

Lys-22)-PGS and PGS respectively that had been isolated 

earlier by Giovannini et al. (1987). The 21 residue peptide 

PGLa isolated from the skin of Xenopus laevis also displays 
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antimicrobial activity similar to that of MGNl and MGN2 al

though it shares no significant sequence homology (Soravia 

et al., 1988). 

The magainins appear to function as a host anti

microbial defense system for Xenopus laevis. protecting the 

frog from wound infection and exhibiting broad-spectrum an

tibacterial, antifungal, and antiparasitic activity (Zas

loff, 1987; Zasloff et al., 1988). It was also demonstrated 

that synthetic magainin peptides are indistinguishable from 

the natural products with respect to chromatographic proper

ties and biological activity (Zasloff et al., 1988). There

fore, it is suggested that magainins may function as the 

vertebrate counterpart of the cecropins, a family of 37-

residue amphiphilic, nonhemolytic peptides, which represent 

a major, inducible, antibacterial defense system of insects 

(Zasloff, 1987). 

The magainins are packaged in secretory vesicles in 

the dermal glands of the Xenopus laevis. and disruption of 

these glands causes the release of secretory products. It 

is suggested that the regeneration of these secretory pro

ducts in the dermal glands takes between 2-6 days. The 

large hydrophobic prepro-magainins are processed within 15-

120 minutes after secretion, then undergo rapid proteolysis. 

The magainin precursors are processed through post-transla-

tional proteolysis inside the secretory vesicle by basic-

residue-specific endopeptidases to yield the active ma-
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gainins. (Giovannini et al., 1987) 

A full length cDNA encoding for prepro-magainin has 

been isolated and characterized (Terry et al., 1988), and 

contains one copy of MGNl and five copies of MGN2. Each 

magainin unit is flanked at the carboxyl terminus by an 

adjacent Lys-Arg pair. Although in other systems cleavage 

can occur between the two residues or on the carboxyl side 

of the pair (Loh et al., 1985), the specificity of the 

protease in Xenopus laevis skin that removes these basic . 

residues is not yet known. The final major processing step 

would involve cleavage between Arg-Gly, a cleavage site that 

has been implicated in the processing of additional peptides 

from the Xenopsin, Caerulein, and PGLa precursors (Terry et 

al., 1988; Gibson et al., 1986). 

The magainin peptides have displayed a very broad 

range of cytotoxic specificity toward species of bacteria, 

fungi, and parasites (Zasloff, 1987; Zasloff et al., 1988). 

The activity is dose dependent and unaffected by pH within 

the range of 5.8 to 8.0 (Juretic et al., 1989a and 1989b). 

The effective and selective specificity of magainin 

action revolves around a paradoxical property; the peptides, 

in order to prevent infection, must be toxic to foreign 

cells yet harmless to the host cells. Westerhoff et al. 

(1989a) suggest a number of ways that this selectivity could 

be achieved. 

First, proteolytic degradation of magainin could 
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significantly reduce the circulating concentration that 

would be available to interact with host cells. This possi

bility is supported by the observation that Xenopus laevis 

secretes proteases that are active on magainin peptides and 

the magainins appear very susceptible to proteolysis (Jure

tic et al., 1989b; Terry et al., 1988). 

Second, in the absence of some external stimulus 

(i.e. noradrenaline or bacterial infection) the concentra

tion of circulating magainin is negligible; tight regulation 

of magainin secretion could therefore control magainin-host 

cell interaction (Giovannini et al., 1987). 

Third, although magainins have been shown to behave 

as uncouplers and dissipators of the electrochemical poten

tial of isolated mitochondria, the plasma membrane of the 

host cell may prevent the peptides from entering the cell 

(Westerhoff et al., 1989a). 

Fourth, the lipid composition of the target membrane 

may alter the magainin activity. It has been shown that 

magainins readily permeabilize PS liposomes, which resemble 

the lipid composition of Ê . coll. but do not permeabilize PC 

liposomes, which resemble the lipid composition of mammalian 

plasma membranes (Matsuzaki et al., 1989a). Rana and Blazyk 

(1989) postulate that the lipopolysaccharide in the outer 

membrane of Salmonella tvohimurium may act as a molecular 

sponge for the cationic peptide, inhibiting its lethal 

attack on the plasma membrane. In addition, the high cho-
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lesterol content of the plasma membrane of eukaryotic cells 

may contribute to the reduced activity of magainin. 

Fifth, the magainins display a synergistic activity 

when combined with PGLa in the presence of liposomes (Wil

liams et al., 1990). This synergistic activity could serve 

to reduce the effective concentration of each magainin 

required to provide antimicrobial protection. All of these 

or combinations of these factors may play an integral role 

in regulating the selective lethality of the magainins. 

There are at present two 23-residue antimicrobial 

peptides that are classified as magainins: MGNl and MGN2. 

The sequences of these peptides are as follows: 

MGNl: Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Gly-Lys-Phe-

Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Lys-Ser 

MGN2: Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Lys-Lys-Phe-

Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Asn-Ser 

These peptides have a net positive charge of +3 to +5 at pH 

7.0. Their sequence suggests that they can form amphiphilic 

helices about 30 angstroms in length (Williams et al., 

1990), which is long enough to span a lipid bilayer. The 

ability of the magainins to form amphipathic alpha-helices 

and their net positive charge suggest that they can bind to 

and effect the permeability barrier of certain lipid bilay-
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ers (Green et al., 1987). 

The secondary structures of the magainins have been 

assessed by Raman spectroscopy, NMR, CD, and analogue com

parison studies. Raman spectroscopic measurements suggest 

that MGN2a, when bound to dipalmitoylphosphatidylglycerol 

(DPPG) liposomes, is 58% alpha-helix (which corresponds to 

an alpha-helix 20 A in length (Williams et al., 1990)). 

However, the upper limit for the average helix content of 

MGN2a may be set at 70% in order to account for end effects 

of helical segments. This upper limit was established by 

using the difference in helix content for melittin, a 26-

residue peptide from bee venom, determined by Raman spectro

scopy and X-ray diffraction. The Raman estimate of the 

helix content of melittin crystals (84%) is 12% below the 

helix content determined by X-ray diffraction (Williams et 

al., 1990). Thus, these end effects could lead to at least 

a 12% under-estimation of the average helix content of 

molecules of approximately 20-30 residues in length that 

possess end helical residues. Two-dimensional NMR studies 

of MGN2a in 25% TFE indicate that some alpha-helix is formed 

although no quantitative amount was reported (Marion et al., 

1988) . CD of the peptides in 40% TFE indicates 24% and 26% 

alpha-helix content for MGNl and MGN2 respectively (Chen et 

al., 1988). CD measurements made in the presence and ab

sence of liposomes indicate that MGNl has an unordered 

structure in aqueous solution and in the presence of phos-
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phatidylcholine vesicles; in contrast, it forms 57% alpha-

helix upon binding to phosphatidylserine vesicles (Matsuzaki 

et al., 1989a). 

Collectively, these data show that whereas magainins 

form unordered or random coil structures in aqueous solu

tion, they form alpha-helix structures in membrane mimetic 

solvents or when bound to liposomes. However, quantitative 

differences between Raman spectra of MGN2a in TFE and MGN2a 

mixed with lipid vesicles suggest that TFE may not be an 

adequate model solvent to evaluate the secondary structure 

of magainins in a membrane environment (Williams et al., 

1990). This is further illustrated by the difference in 

alpha-helix content of MGNl in 40% TFE (24%) and of MGNl 

bound to PS vesicles (57%). Thus, although the membrane 

mimetic solvent TFE may underestimate the amount of alpha-

helix content of the magainins in a membrane environment, 

the qualitative environmental effect on the secondary struc

ture is clear. 

The contribution of secondary structure to the 

antimicrobial activity of the magainins has been assessed by 

structural-analogue studies. Using synthesized magainin 

analogues with modifications designed to promote or inhibit 

alpha-helix formation, Chen et al. (1988) found that both an 

alpha-helical structure and a free alpha-amino terminus are 

required for maximal antimicrobial activity. The analogue 

that displayed maximal antimicrobial activity was one having 



9 

Gly-13 and Gly-18 replaced by the helix promoting residue, 

L-alanine. This suggests a positive correlation between 

propensity to form helix and increased antimicrobial ac

tivity. This positive correlation was also shown by Raman 

measurements of these analogues bound to liposomes (Williams 

et al., 1990). Cuervo et al. (1988) measured the antimicro

bial activity of 50 omission analogues of the magainins and 

found that the N-terminal region of the peptides is crucial 

for antimicrobial activity. In contrast, the C-terminal 

analogues showed a greater tendency to maintain antimicrobi

al activity following amino acid omission coupled with some 

species selectivity and variable hemolytic action against 

human erythrocytes. MGN2a with glycine-18 omitted had equal 

antimicrobial activity, but significantly increased hemoly

tic activity. These data suggest that the N-terminal region 

and amino acids Gly-13 and Gly-18 are significant contribu

tors to the magainins antimicrobial activity and the lack of 

hemolytic activity is controlled by the C-terminal region. 

Zasloff (1987) showed that magainins are active 

against protozoa; within minutes of exposure to the magain

ins these organisms swell and subsequently burst, suggesting 

that the major site of action of the magainins is the plasma 

membrane. The proposed site of action and the availability 

of synthetic magainins serve as a launching pad to begin 

unravelling the details of the peptide-lipid interaction of 

the magainins. 
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If the magainins* broad spectrum activity is due to 

permeabilization of plasma membranes the peptides may dis

rupt the energy metabolism of the bacteria by dissipating 

the electrochemical gradient. Indeed, the magainins do 

disrupt energy metabolism of Ê . coll. and of its functional 

analogue, the mitochondrion, by dissipating the electric 

potential across the membrane and uncoupling respiration 

from other energy-requiring processes (Westerhoff et al., 

1989b). It was also shown that MGN2a causes membrane depo

larization of Ej. coll cells and of liposomes containing 

cytochrome oxidase (Juretic et al., 1989a). From the non

linear dose-response curve, these data further suggested 

that activity involves a cooperative interaction of peptide 

molecules. Indeed, Juretic et al. (1989a) suggest that the 

concentration dependence is indicative of a multimeric 

active complex consisting of 3-5 molecules. Westerhoff et 

al. (1989b) showed that the respiratory rate of isolated 

mitochondria and cytochrome oxidase liposomes varied sig-

moidally with magainin concentration, indicating a coopera

tive effect. It has also been suggested that MGN2 and PGLa, 

when added to lipid bilayers together, interact cooperative

ly and synergistically to reduce the membranes permeability 

barrier (Juretic et al., 1989b and Williams et al., 1990). 

However, I would suggest that cooperativity may not be 

directly concluded from sigmoidal dose-response curves 

because Thron (1964) showed that detergent-induced hemolysis 
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of erythrocytes also display sigmoidal dose-response curves. 

There are currently few reported studies in which 

liposomes are used to investigate the interaction of magain

in with the lipid bilayer. Dose response studies with 

cytochrome oxidase unilamellar liposomes suggest that ma

gainin dissipates the membrane potential by forming aggre

gates of 4-5 molecules and that these concentrations of 

MGN2a that uncouple respiration of cytochrome oxidase lipo

somes is comparable to the concentration that shows antimi

crobial action against Ej. coli (Juretic et al., 1989b). 

Matsuzaki et al. (1989a) who investigated the effect of MGNl 

on the release of trapped calcein from liposomes, observed 

that MGNl induces leakage of calcein from negatively charged 

vesicles (i.e. phosphatidylserine) but not from neutral 

vesicles (i.e. phosphatidylcholine). They also determined 

that MGNl binds to bovine brain PS vesicles with a binding 

constant of 3.8 x 10^ M'\ a binding number of one magainin 

per 10 lipids and a critical binding number, (the minimum 

niimber of peptide molecules per lipid molecule required to 

initiate leakage,) of approximately 0.03 per lipid molecule. 

They suggest that the MGNl interaction with acidic lipids 

begins with an electrostatic interaction, followed by hydro

phobic interactions which causes alpha-helix formation and 

subsequent leakage of vesicle contents. These studies with 

liposomes suggest that the magainin's mechanism of action 

may be explained by two different models. On the one hand. 
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it may require formation of a multimeric complex (i.e. 

channel/pore) through electrostatic and hydrophobic interac

tions (Juretic et al., 1989b and Westerhoff et al., 1989b). 

Alternatively, the magainin molecules may cause localized 

destabilization of the membrane permeability barrier by 

acting as a detergent that interacts with the membrane by 

electrostatic and hydrophobic interactions (Matsuzaki et 

al., 1989a), However, further liposome work with vesicles 

made of phospholipids found in bacterial and mitochondrial 

membranes is needed in order to more fully evaluate the 

lipid interaction of magainins in the different membrane 

systems. 

The mechanism by which the magainins permeabilize 

cell membranes has not been elucidated. As indicated above, 

the magainins may destabilize the membrane by acting as 

detergents or by forming membrane channels/pores (Zasloff, 

1987; Guy & Raghunathan, 1988). It is conceivable that 

magainins may interact with specific receptors on the bac

terial cell membrane, although liposome studies suggest that 

in the absence of membrane proteins magainins do interact 

with the lipid bilayer and increases its permeability. 

Whether or not magainins require receptors in vivo is not 

yet known. Most of the studies on the magainins suggest 

that they function by forming channels. Investigation of 

the interaction of MGN2 with membranes utilizing a patch-

clamp apparatus suggest that voltage-dependent channels form 
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in artificial phospholipid bilayers (Cruciani et al., 1988). 

Planar lipid bilayer studies have also suggested that the 

magainins may form channels; Duclohier et al. (1989) found a 

weakly voltage-dependent macroscopic conductance that ap

pears anion-selective. However, I would like to point out 

that large aqueous peptide and salt (IM KCl) concentrations 

and high voltages (-120mV to -280mV) were required to see 

this activity. These extreme conditions may not be relevant 

to the in vivo peptide-lipid interaction. They suggest fur

ther, based on single channel experiments, that at rest the 

magainins exist as pre-aggregates on the membrane surface 

and when voltage is applied the peptide becomes inserted 

into the bilayer to form a channel. Accordingly, aggrega

tion of magainin on the membrane may be a critical step 

promoting antimicrobial activity. Indeed, the ability of 

magainin to aggregate has been demonstrated in aqueous 

solution. MGN2 spontaneously polymerizes into 13nm diameter 

filaments having a 30nm periodic helical substructure that 

is optimized at low pH and high ionic strength (Urrutia, et 

al., 1989). Although low pH and high ionic strength may not 

be physiologically relevant, they do demonstrate that condi

tions of increased hydrophobicity enhances MGN2's ability to 

polymerize; this may be related to its ability to aggregate 

in cell membranes and form pores. However, it could be 

argued that the aggregation of magainin on the membrane 

surface could cause localized destabilization of the mem-
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brane, thereby altering the membrane permeability barrier. 

If, as Williams et al. (1990) suggest, the average length of 

the MGN2a helix is less than 20 angstroms when bound to 

liposomes, the peptide would not be long enough to span the 

membrane as a channel. However, the data of Williams et al. 

(1990) can not rule out the possibility that a small frac

tion of the magainin forms longer helices which can form 

channels. Collectively the present data can be explained 

either by postulating that magainin forms channels or that 

magainin acts as a surface active detergent. Since further 

mechanisms may yet be elucidated, continued investigation is 

warranted. 

To gain some insights about the mechanism of magain

in activity it may be fruitful to look at the mechanisms of 

toxin action as a comparison. The magainins and toxins are 

members of a class of proteins and polypeptides called 

cytolysins, which possess a common cytolytic region contain

ing a cationic site flanked by a hydrophobic surface. This 

structure enables them to disrupt the permeability barrier 

of target cells, albeit by different mechanisms (Kini and 

Evans, 1989). The offensive (relative to eukaryotic cells) 

members of this class, the toxins, initiate their cytolytic 

effect by a number of mechanisms that include membrane 

destabilization, membrane digestion, channel formation, 

receptor binding, and protein denaturation. Many of these 

toxin mechanisms are well characterized and could serve as 
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the catalyst for deeper insight into the mechanism of the 

defensive members of this class, the magainins. 

One of the best characterized examples of a toxin 

channel former is Staphylococcus aureus alpha-toxin. It is 

a single polypeptide chain with a molecular weight of 34000 

(Fussle, et al., 1981). The hemolytic and solute releasing 

activity of alpha-toxin suggested that the primary site of 

action was the lipid bilayer (Freer, et al., 1968). Alpha-

toxin was shown to have broad reactivity toward both nucle

ated cells and erythrocytes and it caused release of low 

molecular weight markers from liposomes (Bernheimer, et al., 

1972 and Cassidy et al., 1974). 

Native alpha-toxin exhibits a sedimentation coeffi

cient of 3S, but upon binding to the membrane forms a 12S 

complex, which suggests oligomerization of the monomer in 

the membrane (Arbuthnott et al., 1967). Freeze-etch elec

tron microscopy revealed ring-shaped formations on toxin-

treated membranes that were believed to be the 12S membrane 

bound toxin complex (Freer et al., 1973). Yet these data 

did not provide a mechanism that explains how alpha-toxin 

damages membranes. 

The mechanism of alpha-toxin's membrane perturbing 

activity was elucidated by Fussle et al. (1981). This group 

sought to isolate membrane bound alpha-toxin, characterize 

its biochemical and ultrastructural properties, and its 

ability to form function membrane lesions. Alpha-toxin was 



16 

isolated from a detergent extract of toxin-treated rabbit or 

human erythrocytes by three purification steps: 1) Gel 

chromatography, 2) Sucrose density gradient ultracentrifuga-

tion, and 3) Reconstitution of alpha-toxin into artificial 

lipid vesicles. The nonelutability of the toxin from bio

logical and artificial membranes treated with various salt 

solutions analyzed by SDS gel electrophoresis and rocket 

immunoelectrophoresis demonstrated the toxin's amphiphilici-

ty. The isolated protein was identified as alpha-toxin on 

the basis of immunoprecipitation, amino acid analysis, and 

electron microscopic negative staining. Current data sug

gests that alpha-toxin molecules initially bind to a target 

membrane, then self-associate to form a pore of a discrete 

size that is embedded within the lipid bilayer. Further 

studies to evaluate the function of alpha-toxin using eryth

rocytes as targets indicate that the toxin generates pores 

approximately 2nm in diameter, and that penetrate into the 

hydrophobic domain of the bilayer (Thelestam et al., 1983). 

Toxin-induced release of defined molecular markers entrapped 

in resealed erythrocyte ghosts was measured to determined 

the effective pore size; the results indicated the presence 

of a membrane lesion that permitted selective release of 

marker molecules whose effective diameter did not exceed 30 

angstroms. Based on these data the following mechanism of 

action was proposed: 1) Alpha-toxin is a hydrophilic mole

cule which, upon contact with a target lipid bilayer, spon-
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taneously self-associates on and in the membrane to form an 

amphiphilic oligomeric complex; 2) The membrane associated 

complex has the structure of a thick-walled cylinder which 

contains a central pore; 3) The cylinder orients perpen

dicular to the membrane plane and penetrates at least par

tially in the lipid bilayer, thus forming an aqueous channel 

that would account for the primary toxin-dependent membrane 

permeability defect. (Fussle et al,, 1981) 

Melittin, the main component of bee venom, serves as 

a second example of a toxin whose mechanism of action has 

been extensively investigated. It is generally believed 

that melittin interacts with membranes as a surface-active 

peptide (Terwilliger et al., 1982). Melittin has been shown 

to cause direct lysis of all cells tested and of intracel

lular organelles including lysosomes and mitochondria (Ha-

berman, 1972; Olson et al., 1974; Weissmann et al., 1969). 

It also lyses phospholipid vesicles of various phospholipid 

compositions (Sessa et al., 1969). The lytic action of 

melittin on vesicle membranes suggests that melittin does 

not require interaction with membrane proteins in order for 

it to affect the permeability barrier of membranes. 

Melittin is capable of penetrating monolayers at 

air-water interfaces, and of forming monolayers by itself 

(Haberman, 1972; DeGrado et al., 1981). It is believed that 

melittin's lytic action is due to a detergent-like surface 

activity although the lack of parallelism between surface 
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activity and hemolytic activity suggests that it does not 

function as a simple detergent (Haberman, 1972). 

Spectroscopic studies that include infrared, Raman, 

circular dichroism, and tryptophan fluorescence all indicate 

that melittin is alpha-helical when associated with the 

lipid bilayer. Whether melittin exists in the membrane as a 

monomer or some form of oligomer is not yet clear (Dawson et 

al., 1978; Lavialle et al,, 1982; Drake, et al., 1979). The 

studies on the fluorescence of tryptophan 19 suggest that 

the tryptophan penetrates only slightly into the membrane 

and the positively charged carboxy end of melittin is ex

posed to aqueous solution (Debony et al., 1979; Georghiou et 

al., 1982). Studies with planar lipid bilayers suggest two 

different views. Kempf et al. (1982) observed that melittin 

produces a broad range (10'' - 10"̂ °S) of conductance in

creases rather than discrete channel-type openings. In 

contrast, Tosteson et al. (1985a) observed single channel 

openings in melittin-doped bilayers that appeared to be 

discrete voltage-dependent anion-selective channels. The 

mechanism of melittin action has been further studied by 

detailed kinetic measurements of melittin-induced red blood 

cell lysis. DeGrado et al. (1982) suggest that melittin-

induced lysis of human erythrocytes is a biphasic process 

which is the result of rapid binding of melittin to the 

erythrocyte outer membrane, formation of transient openings, 

translocation of melittin across the bilayer into the cyto-
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plasm, and steady state transient membrane openings produced 

by dimers of internalized melittin. 

In contrast, Tosteson et al. (1985b) report that the 

observed kinetic characteristics of lysis and cation move

ment suggest that melittin modifies the permeability of the 

red blood cell membrane for only the first few minutes after 

membrane interaction. This finding, along with direct 

observation of cell crenation, (by Nomarsky optics), with 

swelling and cell lysis within 10-30 seconds after the 

change in morphology suggests that melittin produces lysis 

of human erythrocytes by a colloid osmotic mechanism. 

Although melittin has been extensively studied, 

there is yet disagreement about the molecular mechanism of 

melittin action. There appear to be two basic models. 

First, melittin can form an aqueous channel/pore that pro

duces ionic imbalance resulting in colloid osmotic lysis. 

Second, melittin's lytic action results from disruption of 

the phospholipid structure of the membrane. Thus, a consen

sus mechanism of action of melittin has yet to be elucidat

ed. 

In addition to these two toxins, another peptide, 

hypelcin A, warrants discussion. This hydrophobic peptide, 

which contains a-aminoisobutyric acid (Aib) residues was 

isolated from Hvpocrea peltata (Fujita et al., 1984a) and 

demonstrates antimicrobial activity against various fungi 

and bacteria (Fujita et al., 1984b). It also uncouples 
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oxidative phosphorylation in rat liver mitochondria (Takai-

shi et al., 1980). 

In order to gain some basic insight about the pep

tide's mechanism of action, Matsuzaki et al. (1989b) inves

tigated the hypelcin A-induced permeabilization of and 

interaction with PC vesicles. They evaluated the hypelcin 

A-induced leakage of the entrapped dye, calcein, from lipid 

vesicles in both the gel state and liquid-crystalline state. 

The calcein leakage rate was dependent on both the peptide 

and lipid concentrations. A more systematic analysis of 

this dependency suggested that the binding of hypelcin A to 

egg PC vesicles could be explained by partition based on the 

linear binding isotherm. From these results and the con

centration-independent CD spectra of the peptide in buffer, 

the leakage is best explained by interaction of the mono-

meric peptide with the lipid bilayer. Thus Matsuzaki et al. 

(1989b) conclude that the monomeric peptide with an in

creased helical content, complexed with the lipids, perturbs 

the lipid organization and induces the increased per

meability. Although the detailed mechanism of hypelcin A is 

still not fully elucidated and no data suggesting biphasic 

release kinetics were presented, this study provides a model 

starting point to begin understanding the overall features 

of peptide-lipid interactions at the molecular level. 

Thus, these two examples of toxins and hypelcin A 

reveal the involved process and integration of various 
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studies and techniques required to adequately unravel the 

mechanism of action of a cytolytic agent. However, in the 

case of melittin it also shows that even after extensive 

investigation the complete mechanism can still remain veiled 

awaiting different experimental approaches, new technology, 

or a more encompassing model to explain the current find

ings. On the other hand in the case of hypelcin A, it 

provides a straight forward starting point for unveiling the 

mechanism of action of a given cytolysin. Thus, the com

plete elucidation of the mechanism of action of a cytolytic 

agent proves to be an extensive experimental endeavor. 

The overall mechanism of magainin action remains 

to be elucidated. There is no clear model to explain the 

structure of the magainin complex on membranes. Very little 

is known about how magainin interacts with and affects the 

permeability properties of membranes. Most of the suggested 

mechanisms of action are based on patch-clamp (Cruciani et 

al., 1988), planar lipid bilayer (Duclohier et al., 1989), 

or cytochrome oxidase liposome (Juretic et al., 1989b) 

studies. Despite the suggestions of these studies a consis

tent model is still not known. 

The primary objective of this project is to inves

tigate the membrane interaction properties of MGN2a in a 

model membrane system. The interaction of magainin with 

model membranes was investigated using SUVs. In comparison 

to the natural target, such as bacteria or parasites, SUVs 
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provide several advantages for studying membrane-protein 

interactions. For example, membrane-magainin interactions 

can be studied without the possible interference from in

trinsic membrane proteins and the properties and composition 

of the lipid bilayer can be easily varied. With respect to 

other model systems, such as multilamellar vesicles, SUVs 

have the advantage of having only one bilayer for the ma

gainin peptide to interact with. LUVs are more difficult to 

size and characterize and it is not possible to obtain a . 

homogeneous population. Thus as a membrane model, SUVs 

offer the advantages of a single, protein-free bilayer of 

consistent size and stability to study the interaction of 

magainin peptides with membranes. 

An assay which measures the release of the fluores

cent dye, 6CF from 6CF-loaded SUVs was employed to determine 

the functional activity of MGN2a on the vesicles. Vesicles 

loaded with entrapped dyes have frequently been used to 

investigate membrane-protein interactions. Specifically, 

the release of 6CF from vesicles treated with cytolytic 

agents has been used as evidence of channel formation or 

membrane perturbation (Blumenthal et al., 1984). The 6CF 

release assay provides a convenient method to test condi

tions for optimal peptide-vesicle interaction as well as the 

characterization of the channel or membrane destabilizing 

properties of the magainin on vesicles. 

The goal of this research is to propose a model for 
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the interaction of magainin with membranes by performing 

detailed kinetic measurements using fluorescence spectros

copy and a model membrane system. I hope these model stu

dies will provide a more basic knowledge about the peptide-

lipid interaction. In addition, these studies would be 

valuable to those interested in the design and synthesis of 

analogues of magainin as potential therapeutic agents espe

cially in the area of wound healing. Thus, these studies 

will better elucidate the relationship of the cytolytic 

agent with its target cell. 



EXPERIMENTAL PROCEDURES 

A. Materials 

Phosphatidylserine, isolated from bovine brain, was 

purchased from Avanti Polar lipids; 6-Carboxyfluorescein 

(Figure 1) from Eastman Kodak; Sephadex G-2 5 and Sepharose-

2BCL from Pharmacia; Econo-Pac 10-DG desalting columns from 

Bio-Rad; melittin (bee venom) and n-0ctyl-/8-D-Glucopyrano-

side (Octylglucoside) from Sigma Chemical Company; Triton X-

100, specially purified for membrane research, from Boeh-

ringer Mannheim. Magainin 2a was a generous gift from Dr. 

Michael Zasloff. 

B. Buffers 

1. Buffer A: 150mM NaCl, lOmM Pipes, ImM EDTA, 

lOOmM sucrose (pH 7.0). 

2. Buffer B: 150mM NaCl, lOmM Pipes, IroM EDTA 

(pH 7.0). 

3. Dye solution: 150mM NaCl, lOmM Pipes, ImM EDTA, 

lOOmM 6CF (pH 7.0). 

24 
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Figure 1 

The structure of 6-Carboxyfluorescein (6CF) 
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C. Methods 

Preparation of LUVs bv Reverse Phase Evaporation 

LUVs of PS containing entrapped 6CF were prepared by 

the reverse phase ether evaporation method (Duzgunes et al., 

1983) as follows. The lipid was dried to a film by rotary 

evaporation under reduced pressure in a 25 ml round bottom 

flask, then placed under high vacuum overnight to remove 

residual solvent. Three milliliters of ether was added to 

the lipid film, then vortexed. One ml of lOOmM 6CF in 

buffer B was added to the lipid-ether mixture and the solu

tion was briefly sonicated with a micro-tip until an emul

sion was formed. The ether was removed under reduced pres

sure at 25°C by rotary evaporation. (During evaporation, 

the solution forms a gel which subsequently collapses into 

an aqueous suspension.) An additional 2 ml of 6CF solution 

was then added and the remaining ether was removed under 

higher vacuum. After all the ether was evaporated, the 

vesicles were passed successively through 0.4, 0.2, 0.1, and 

0.08 micron Nuclepore filters held in a Swinlock apparatus. 

The vesicles were passed sequentially over an Econo-Pac 10-

DG column (10ml) and Sepharose-2BCL Column (30ml) in order 

to remove extravesicular 6CF and contaminating small unilam

ellar vesicles, respectively. It was assumed that the 

vesicles formed in lOOmM 6CF contained the same concentra-
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tion of entrapped 6CF. At this concentration of 6CF, 

the fluorescence is minimal due to self quenching of the 

dye. The typical final lipid concentration was 8mM. 

Preparation of SUVs bv Sonication 

SUVs of PS, containing entrapped 6CF, were prepared 

as follows. The lipid (20 mg) was first dried to a film by 

rotary evaporation in a 25 ml round bottom flask, then dis

solved in 5ml of benzene and frozen by continuous turning on 

a bed of crushed dry ice. The benzene/lipid mixture was 

then lyophilized overnight under high vacuum to remove the 

solvent. Two milliliters of 6CF in buffer B was added, the 

dispersion was vortexed, followed by sonication in a cup 

horn using a Heat Systems-ultrasonic sonicator (W-375). 

Unentrapped 6CF was removed by gel filtration (Econo-pac 10-

DG desalting column, buffer A used as an eluent). The 

separated vesicular fraction was subjected to ultracentri-

fugation in a 50 Ti rotor at 45K rpm for 15 min (Beckman, 

ultracentrifuge) to produce a homogeneous population of 

vesicles (Barenholz et al., 1977). The lipid concentration 

was determined by phosphate analysis (Bartlett, 1959) and 

the typical final lipid concentration was lOmM. 

Assav of the Functional Activity of MGN2a 
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The functional activity of MGN2a on SUVs was deter

mined by monitoring the release of entrapped 6CF from SUVs 

after the addition of MGN2a to these vesicles. For most 

experiments, 6CF was entrapped in SUVs at a self-quenching 

concentration of lOOmM. Upon dye release and dilution in 

the extravesicular medium, the self-quenching is relieved 

and the fluorescence of the dye immediately increases. The 

dequenching of dye thereby permits continuous monitoring of 

6CF release from vesicles. An Aminco SPF-500C spectrofluo-

rometer was used to monitor fluorescence, with excitation at 

490nm and emission measured at 520nm. The bandpass slit 

widths were adjusted to 4nm. 

MGN2a-mediated release was initiated by the addition 

of 5 to 20 ul of 0.37mM MGN2a (in buffer B) to 2 ml of 25-

30uM PS SUV in buffer A. In some experiments, the order of 

addition was reversed. Release was initiated by the addi

tion of 5 to 7 ul of an 8-12mM stock solution of PS SUVs to 

2 ml of 0,925-3.7uM MGN2a in buffer A. The assay tempera

ture for all experiments was held constant at 25°C by a VWR 

water circulator. The release of 6CF was monitored for 500 

sec at each MGN2a concentration. The total releasable fluo

rescence was determined by the addition of 20ul of 10% 

Triton X-100 to the vesicle samples. Magainin activity on 

vesicles was assessed by determining: 

Percent 6CF Release = (F-F̂ )/r̂ -F,-) x 100 

where F = relative fluorescence at a time point 
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after addition of MGN2a 

F̂  = initial fluorescence of PS SUVs containing 

6CF 

Fj = total fluorescence after Triton X-100 

addition 

Percent Quenching, %Q = (i - F^F^^) x 100 

where F̂, = F - F̂  

* max -̂  t ^ i 

A schematic representation of the 6CF release assay is shown 

in Figure 2. 

Determination of the Mode of 6CF Release from SUVs 

The mode of 6CF release from vesicles interacting 

with MGN2a was assessed to determine whether vesicles re

leased dye in a so-called "all-or-none" or "graded" fashion. 

All-or-none release is self-explanatory; graded release 

refers to a uniform leakage of vesicle contents (Figure 3). 

The assessment was possible because the fluorescent entrapp

ed dye was highly quenched at lOOmM 6CF, Partial (graded) 

release of dye from SUVs results in the dilution of dye 

within vesicles; quenching is partially relieved and the 

intrinsic fluorescence within SUVs increases. Graded re

lease could be differentiated from all-or-none release by 

determining the residual fluorescence of SUVs in the absence 

and presence of Triton X-IOO. F^F^ ratios were measured 
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Figure 2 

Assay for MGN2a functional activity, MGN2a was added to 

both SUVs and LUVs loaded with lOOmM 6CF, The release of 

6CF after MGN2a addition was followed to endpoint fluoro-

metrically. Total releasable dye was determined by the 

addition of 10% Triton X-lOO to the vesicles. Percent 

quenching (%Q), the amount of 6CF remaining in the vesicles, 

was calculated using the following formula: 

% Q = (1 - FyF^,)100 

where, F̂  = F - F,. 

F = F - F. 

(Fj = total fluorescence after Triton X-100 

addition) 

I 
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Figure 3 

Depiction of All-or-None versus Graded release mechanisms. 

In this example, addition of MGN2a to PS SUVs causes the 

vesicles to lose 50% of their contents. This could be due 

to: 

1. All the vesicles losing half their contents (Graded 

Release). 

2. Half the vesicles losing all their contents (All-

or-None Release). 
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and compared for the amount of MGN2a that caused release of 

6CF from the SUVs, 

F^F^: F̂  = residual SUV fluorescence after removal 

of released dye by Sephadex G-25 chroma

tography . 

F̂  = total fluorescence after treatment of 

vesicles with Triton X-100. 

If a fraction of MGN2a-treated SUVs leaked all of their dye 

(all-or-none), then the F^F^ ratio of the remaining unlysed 

vesicles would be the same as the F^F^ ratio of the control 

SUVs. However, if all MGN2a-treated vesicles leaked some of 

their dye, the F̂ /Fj ratio would be greater than the con

trol. The increase in F̂ /F̂  ratios of MGN2a-treated SUVs 

were compared to a quenching curve (constructed as described 

below) for standard vesicle preparations containing dif

ferent concentrations of entrapped dye. The standard curve 

allowed the prediction of F^F^ values for graded release 

based on the percent of 6CF release. 

The assay was performed as follows: MGN2a and SUVs 

(25-30UM PS) were mixed in 2 ml of Buffer A at 25°C, and re

lease of 6CF was followed for 500 seconds fluorometrically, 

Further release of 6CF was arrested by addition of an equiv-

ilent amount of unloaded SUVs. The arresting of 6CF release 

by unloaded PS SUVs is probably due to a shift in the bind

ing equilibrium of MGN2a after addition of these vesicles, 

which reduces the number of MGN2a bound to loaded vesicles. 
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1-ml aliquots of the MGN2a/SUVs mixture were rapidly passed 

over 5ml-Sephadex G25 columns (by centrifugation at maximum 

speed for 15 seconds at room temperature in a clinical 

centrifuge) to separate free 6CF from the vesicles. Vesicle 

fractions of 0.5ml were then added to 1.5ml of buffer A and 

analyzed for residual 6CF in the absence and presence of 

Triton X-100 (20ul of 10% Triton X-100) in order to deter

mine Fjj and F̂ . 

To establish a standard quenching curve, vesicles 

containing various concentrations (1-lOOmM) of entrapped 6CF 

were prepared by sonicating the lipid in buffer containing 

the appropriate concentration of dye. The FyF^ ratios of 

these vesicles were determined immediately after preparation 

and used to determined the percent quenching. The standard 

cuirve, shown in Figure 4 was used to predict PyF^ ratios 

for any given percentage of 6CF release by the graded re

lease mechanism (Weinstein et al., 1984). For example, 

according to the curve, a vesicle starting with 30mM 6CF 

that loses half its dye will show a change (drop) in %Q from 

a value of 81 to a value of 63. 

Light Scattering 

The intensity of light scattered at 90° by vesicles 

in the presence and absence of MGN2a was measured in an 

Aminco (SPF 500C) spectrofluorometer, using incident light 
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Figure 4 

Standard quenching curve for 6CF entrapped within PS SUVs. 

SUVs containing different concentrations of entrapped 6CF 

were prepared by cup horn sonication. Immediately after 

vesicle preparation, the initial quenched fluorescence (F̂,) 

and the total fluorescence (F̂ ) , measured after the addition 

of Triton X-100 to SUVs, were determined for each sample. A 

quenching curve was made by plotting the percent quenching 

(%Q) , ((1 - Fj/F̂ ) X 100), versus the log of the concentra

tion of 6CF trapped within the vesicles. 
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Of 400nm and measuring the scattered light at the same 

wavelength; the band-pass slits were set at 4nm. Samples 

contained SUVs (25-30\aM PS) and various amounts of subse

quently added MGN2a. 

Osmolarity Measurements 

Buffers were prepared with lOmM Pipes, ImM EDTA, 

150mM NaCl (pH 7.0) and either no sucrose, O.IM sucrose, 

0.15M sucrose, 0.2M sucrose, 0.4M sucrose, or O.IM 6CF. The 

osmolarity of the buffer solutions was measured with an 

Osmette Precision Osmometer, model 2007 (Precision Systems, 

Inc.). Two milliliters of each buffer solution was measured 

in the Osmette, which was calibrated with precise salt stan

dards in order to obtain a direct digital readout in milli-

r 

€. 

osmoles. fS; 
J 



RESULTS 

Effect of MGN2a on the Permeabilitv of PS Vesicles 

Addition of MGN2a to PS SUVs caused the release of 

6CF, as shown in Figure 5, (6CF shows no significant leak

age from PS vesicles in the absence of peptide (Figure 5)). 

A rapid initial burst of 6CF release, followed by a slower 

phase, suggests that the kinetics of 6CF release from PS 

vesicles is not a simple first order process. Indeed, a 

semilog plot of the kinetic data indicates that the process 

is at least bi-exponential (Figure 6). 

Before investigating the kinetics of release in 

detail, we felt it necessary to establish three things about 

the interaction of the peptide with the vesicles. First, we 

wanted to know whether osmolarity is a critical factor 

determining the susceptibility of the vesicles to peptide-

induced dye release. Second, we wanted to know whether 

addition of peptide causes wholesale changes in vesicle 

morphology, in particular aggregation and/or fusion to 

larger structures. Third, we wanted to determine a binding 

isotherm for the peptide-vesicle interaction. 

Effect of Extravesicular Osmotic Pressure on 6CF Release 

from SUVs Induced bv MGN2a 

40 
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Figure 5 

MGN2a-induced release of 6CF from PS suvs. The amount of 

dye release was monitored after addition of the indicated 

amounts of MGN2a to loaded vesicles (PS concentration = 

30uM) . 

,Jf 



4 2 

60 
3 
o 

60 
3 
w 

o 
o 
CD 

O 
O 

o o 

o 

o 
CO ^_ 

o o 

o o 

o 

o o 

x 

C0 

1 

^ O" II 



43 

Figure 6 

Semilog plot of MGN2a-induced release of 6CF from PS SUVs. 

These curves are replots of the results shown in Figure 5, 
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It has been reported that substantial initial 6CF 

release can occur when an osmotic gradient exists across the 

lipid bilayer in which the osmotic pressure of the vesicle 

interior is higher than the osmotic pressure of the exter

nal media (Lelkes, 1984). Figures 7 and 8 demonstrate that 

the initial release of 6CF is slightly enhanced when MGN2a 

is added to vesicles suspended in buffer in which an osmotic 

gradient exists compared with MGN2a added to vesicles in 

buffer that contains sucrose to adjust the osmolarity near 

iso-osmotic conditions. However, it was of interest to 

determine whether dye release was sensitive to osmotic 

gradients in which the osmotic pressure of the external 

medium was higher than the osmotic pressure of the vesicle 

interior. The osmolarity of the solutions used in these 

experiments was determined as described in Materials and 

Methods, Table I shows the osmolarity of the solutions 

used. It was found that initial dye release after 1 min 

induced by MGN2a is not significantly sensitive to osmotic 

gradients in which the osmolarity of the external medium is 

higher than the vesicle interior (Figure 9). Therefore, we 

conducted all experiments using buffer that contained lOOmM 

sucrose in order to eliminate the osmotic gradient which 

might cause anomalous results. 

Light - Scattering Studies 
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Figure 7 

MGN2a-induced release of 6CF from PS SUVs in buffer contain

ing no sucrose. Loaded vesicles (PS concentration = 29uM) 

were placed in buffer B for 100 sec prior to addition of the 

indicated amounts of MGN2a. 
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Figure 8 

MGN2a-induced release of 6CF from PS SUVs in buffer contain

ing sucrose. Loaded vesicles (PS concentration = 29iaM) were 

placed in buffer A for 100 sec prior to addition of the 

indicated amounts of MGN2a. 
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Table I, Osmolarity of Buffer B Containing 

Various Concentrations of Sucrose or 6CF 

Sample Osmolarity 

Buffer B only 331mOsm 

lOOmM 6CF 436mOsm 

lOOmM Sucrose 415mOsm 

150mM Sucrose 462mOsm 

200mM Sucrose 535mOsm 

400mM Sucrose 804mOsm 

• ! « • ' K 
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Figure 9 

Osmotic dependence of peptide-induced release of 6CF from PS 

SUVs. Small aliquots of MGN2a were added to 6CF loaded 

SUVs. The SUVs were pre-equilibrated in 2ml of buffer B 

containing from 0.15M - 0.4M Sucrose. The 6CF leakage rate, 

defined as percent leakage for the initial minute, is plott

ed as a function of ug of MGN2a at different concentrations 

of sucrose. 

Concentration of Sucrose: + , 0.15M Sucrose 

A , 0.2M Sucrose 

+ , 0.4M Sucrose 



52 

(0 
CM 

z 
1 
C51 
3 

ujoi/siey eBe>ie©n 



53 

In order to determine whether MGN2a was causing 

aggregation or fusion of vesicles, light-scattering measure

ments were performed as described in Materials and Methods. 

Since SUVs have been shown to be Rayleigh scatterers, the 

following equation applies for a dilute solution of par

ticles measured at a fixed wavelength and scattering angle: 

i/I = K(<Sn/(Sc)̂  M c 

where i is the intensity of scattered light, I„ is the 

intensity of incident light, <5n/(5c is the refractive index 

increment, M is the molecular weight, c is the concentration 

of the particles in gm/ml, and K is a constant. 

Even in the absence of fusion or aggregation, the 

light scattering of the SUVs is expected to increase upon 

binding because the peptide increases M, c, and perhaps 

6h/6c. Since we are interested only in the relative in

crease in the scattering upon the addition of peptide, the 

following equation can be used: 

ic/iv = [(Sfi/Sc)^^ M̂  cJ/[ (6n/6c)/ M̂  cj 

where the subscripts v and c refer to the vesicles and 

peptide-vesicle complexes, respectively. The amount of 

MGN2a bound per lipid molecule under each set of experimen

tal conditions was calculated on the basis of a binding 
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constant of 1.12 x 10^ M̂ ^ (see following section). From 

this, the ratios M^M^ and c^c^ could be calculated. 

Although the refractive index increments were not 

measured, one can reasonably estimate the limits of this 

factor, as discussed by Roseman et al. (1977). The value of 

6fi/6c for a complex is given by the equation: 

(6n/5c)^ = Wj X (5n/5c)^ + Wp x (5n/5c)p 

where {Sfv/Sc)^ is the refractive index increment for a 

complex, Wj and Wp are the weight fractions of lipid and 

protein, respectively, and {6n/Sc)y and (fin/5c)p are the 

refractive index increments for pure lipid and protein, 

respectively. Using a value of 0.1478 ml/g for the refrac

tive index increment of lipid and a range of 0.15 to 0.2 

ml/g for the refractive index increment of proteins, one can 

calculate the range of refractive index increments for the 

complexes. With these values it is then possible to calcu

late the predicted ratio of 1̂ /1̂  in the absence of fusion 

or aggregation. 

If the entire population of complexes undergoes 

fusion or aggregation, the predicted intensity ratio is 

obtained by multiplying if./\ by the number of vesicles 

participating in the fusion event or in the aggregate. 

Clearly, the smallest number of vesicles that can fuse or 

aggregate is two. In practice, it has never been reported 
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that such limited fusion or aggregation takes place; agents 

that promote aggregation or fusion usually lead to the 

formation of particles having almost twenty times the mass 

of the starting SUVs, 

As shown in Table II, the modest increases in light 

scattering that occur upon addition of MGN2a to the SUVs can 

be attributed to increases in the mass of the particles. We 

conclude from these results that negligible fusion or aggre

gation is taking place. 

Determination of the MGN2a-Lipid Binding Constant 

To determine the affinity of MGN2a for the PS vesi

cles we utilized the so-called "indirect method", which has 

been used to determine the affinity of permeabilizing agents 

for liposomes or cells (Thron, 1964 and Matsuzaki et al., 

1989a). The theoretical basis of this method is as follows. 

If one measures the fractional leakage rate over a large 

range of peptide and lipid concentrations, the results can 

be represented as a surface on a three dimensional orthog-

inal plot where z, y, x axes are activity (fractional leak

age rate), total peptide concentration, and total lipid 

concentration respectively. The set of planes parallel to 

the y-x axis and cutting through the surface constructed 

from the experimental data gives a set of "iso-activity" 

curves in which the total peptide concentration is plotted 



56 

CO 
i-il 

g» 
c 

-H 
u 
0) 

+J 
+J 
nJ 
0 
W 
1 

4J 
is 
&> 

-H 
J 

c 
- H (D 

w 
0) 
(0 
(0 
(U 
(.{ 

0 
c 
1-1 

-
I
n
d
u
c
e
d
 

(0 

M
G
N
i
 

H 
H 

0) 

Ta
b]
 

to 

p 
CO 

w 
P4 

4-1 
O 

o u 
*l-i o 

(0 -H O 
0 e - H 

so
re
tj
 

re
r 
Li
 

fr
eg
at
 

W . * CJ> 

J3 o b> 
EH J < 

CO MH 
iJ o 

-H -P 
(0 -H 
o e 

•H -H 
-P J c 
0) 
M u 
0 0) 

JS Ok 
EH D 

CO 14-1 
^ O 

d -̂^ (O-H 
<̂  e 

c 
0 

-H 
to 
3 
b 

u 
-—X 

> 

• H 
•»-* 

- H . H - D 
•P hJ 
<U 
>̂  >̂  
O 0) 
0) > 
J3 0 
H H:] 

T3 
(l)u 
M " X 
^•H 

0) -H 
S '— 

J l 
«) 
H 
Pi 
6 
10 
CO 

""̂  
> 

u 
H 
'̂ -• 

Tf 

CM 

n 
<N 

H 

r-
H 

• 
H 

H 
n 

i H 

o 
in 

'3 ' 
fO 

H 

in 
OJ 

• 
i-H 

fO 
og 

H 

00 

CM 

r> 
'S' 

H 

•* 
n 

• 
rH 

• < * 

in 

H 

00 
CO 

H 
vo 

H 

'3' 
•>* 

* 
H 

H 
(J\ 

H 

OJ 
rH 

CO 
h-

H 

VO 
in 

• 
i-H 

CM 
cri 

H 

^ 
in 

n 

(Ti 
o 

rg 

r~ 
[^ 

• 
H 

CO 
n 

rg 

a jz s a a s; o o o o 
o ci) a a s s a a o> &> &> 0^ 
C n c n 3 
3 
in 

3 O 
r- H 

3 
fM 
H 

3 
in 
H 

3 
o 
CM 

G 
•H 

to 
(U 

c
r
e
a
s
 

es
 

C r H 
•H 0 

-H 
rH +J 
A h 
0 fl 

•H a 
+J 
0) <M C 
k 0 0 
0 -H 
0) (Q 4J 
pfi to n] 
+j (0 d^ 

g a) 
0) M 
X! -O tP 
+J c &> 

(0 fO 
•0 
C -P M 
(0 x: 0 

01 
O-H c 
(0 0) O 
(0 > -rH 
(U u 
^ ^ 3 
U (C <t-i 
C rH 

-H 3 tH 
0 0 

CO Q) 
J rH <1) 

0 0 
TS e c 
0) <u 
> C 01 

(1) (d 
(0 (0 
J3 0) 0) 
0 W J3 

«3 -P 
<U (U 
i : M c 
4J O - H 

c 
W - H &1 
0) c 
a C - H 
•H 0 TJ 
u c 
O >i-H 
ID rH ja 
0) (1) 
•0 rH 0 

0 TJ 
<U W -H 
rH +J 
ja TJ a 
n] 0) 0) 
•P (0 a 

nJ 
(0 Xi c 

•H 0 
43 to a 
EH 1^ 3 

• 
(0 

TJ 
0) 

l
o
a
d
 

d
 
i
n
 

O
u
M
)
 

c
r
i
b
e
 

en w 
1 0) 

in "0 
CM 

u 
II (0 

C JH 
O (U 

•H +J 
•P 0) 
n e 
U 0 

• P V4 
C 0 
0) 3 
O <-{ 
C iw 
0 o 
o u 

4J 
to 0 
cu <u 
' - ' f t 

10 
(0 
> (0 
13 
to &> 

G 
O -H 
•P to 

3 
TJ 
0) -0 
T3 Q) 
T3 V4 
(0 3 

U 
(0 (d 
(0 0) 
> g 

R) (0 
CM (tJ 

a > CJ) 
a to 

• 
(0 

t^ TJ 
£ o 
E T J X! 
t^ C - P 
PI (0 

• 
O b 

(U 
a 

O T( 
<«H V£) 

0 
g 

H E 

G 
n) 

(0 
3 O H 
O O 
CM H 

04:3 

nJ 
H 
IH 
a) 

•p +J -p 
•H nJ 

in 5 a 

• 
X) 

• 
'̂̂  

• P 
X 
0) 
4-> 

0) 
0) 
(0 
*-' 

0> 
c 

•H 

0) 
-p 
+> nJ 
0 
(0 

+J 
xi 
o> 

•H 
rH 

c 
• H 

0) 
U) 
nj 
0) 
^ 
0 
C 
•H 

0) 
> 

-H 
• P 
<0 

r H 
<U 
u 

0) 
43 
+J 

to 
•H 

*"^ 
> 

•r l 
U 

• r l 
* - ' 

• 
0 

• 

• p 
- r l 

3 

(0 
-H 

(0 

C 
Q) 
€ 
O 
>H 
o 
c 

• r l 

X 
0) 
TJ 
C 

• H 

0) 
> 

•H 
+J 
O 
rO 
^ 

IM 
0) 
V4 

0) 
43 
4J 

<U 
0 

m 
0) 
U 
(tJ 

& 
(0 

Q) 
43 
P 

( H 
O 

O 
•H 
P 
(C 
h 

0) 
43 
4J 

(0 
O 
E 
3 
(0 
to 
<< 

» 
T3 

<M 
rH O 
r H 

en
ts

 
1 

we
ig
]
 

E ^ 
(U OJ 
u <-\ 
0 3 
c u 

•H 0) 
rH 

X 0 
Q) E 
TJ 
C T( 

•H C . 
(0 -P 

(U X 
> (fl 0) 

•H W 4J 
-P (0 
U E 0) 
(0 43 
M C -P 

t p - H 
Q) C 
U <!)•-* 

10 
0 rc T3 
43 <U 0) 
4i USi 

0 -H 
<tH C ^ 
O-H O 

10 
10 -P <U 
o c a 
U 0) 
( C O W 
3 M 03 
& 0) 
10 ft -

&> 
0 0) c 
43 43-H 
4J - P T ! 

C 
<W O -H 
0 +>XI 

O d d ! 
•H 0 CM 
•p^rH a 
<0 4J o 
^j 4̂ a 

o 
<U ft c 
43 0 0 
4J h ft 

ft 3 
• P 
«J c o 
43-H rH 
•P 0 

© • H 
(0 (fl 10 
Q) RJ 0) 
E Q) > 
3 Ĵ 
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against total lipid concentration at various levels of 

constant activity. 

If one makes the reasonable assumption that the 

fractional leakage rate is dependent only on the ratio of 

bound peptide per lipid molecule, each iso-activity curve 

must be linear according the following conservation equa

tion: 

[P]o = tPlf + r[L] 

where [P]^ is total concentration of peptide, [P]f is the 

concentration of unbound peptide, [L] is the total con

centration of lipid, and r is the ratio of bound peptide to 

lipid. Consequently, a series of [P]^ versus [L] plots 

generates a family of straight lines with slopes of r and 

intercepts of [P]f. 

Figure 10 shows dose - response curves for the 

fractional leakage rate after 1 min at four different lipid 

concentrations. Figure 11 shows that plots of [P]^ versus 

[L] do in fact yield a linear relation, with a least squares 

correlation coefficient of greater than 0.990. The r and 

the [P]f values were obtained from the slopes and the inter

cepts, respectively. (Similar plots were obtained for the 

fractional leakage rate and [P]^ versus [L] after 10-90 sec 

and the results were not significantly different.) Figure 

12 shows the binding isotherm for MGN2a interacting with PS 

SUVs according to the estimated values of r and [P]^. Since 

the binding isotherm is linear, the interaction of MGN2a 
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Figure lo 

Dependence of 6CF leakage rate on peptide and lipid con

centrations. Small aliquots of MGN2a were added to 6CF 

loaded SUVs. The 6CF leakage rate, defined as percent 

leakage for the initial minute, is plotted as a function of 

[P3„ at different [L]. 

[L]: + , 25uM 

A , 50uM 

O , 75\iM 

•I- , lOOuM 

m 
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Figure 11 

Estimation of free and membrane-bound peptide concentra

tions. Four pairs of [P]̂ , and [L] values at a given leakage 

rate were obtained from Figure 10. [P]̂ , is plotted against 

[L] according to the equation, [P]̂ , = [P]^ + r[L] . The free 

peptide concentration, [P]^, and the amount of the membrane-

bound peptide per lipid molecule, r, were evaluated from the 

intercept and slope, respectively. Leakage rate (% min' ) : 

+ ,20; A , 30; A , 40; • , 50; O , 60; V , 70; 

+ ,80; o ,90. The lines are least-square fits. 
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Figure 12 

Binding isotherm for the interaction of MGN2a with 6CF 

loaded PS SUVs. The relationship between r and [P]f ob

tained from Figure 11 is shown. 
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with SUVs over the experimental range of lipid and protein 

concentrations can be accounted for by simple partitioning, 

with a binding constant (obtained from the slope) of 1.12 x 

10 M . This linearity argues against there being a signi

ficant change in the aggregation number of MGN2a upon inter

action with vesicles. If in fact the peptide exists mainly 

as monomers in the aqueous phase, then it exists primarily 

as monomers on the vesicle, 

A plot of leakage rate versus r (Figure 13) is 

linear, and extrapolates to a so-called "critical" r value 

of 0.03, which is in agreement with the r value determined 

for MGNl (Matsuzaki et al., 1989a). A critical value of 

0.03 means that the peptide does not begin to cause leakage 

until the bound peptide/lipid ratio reaches this value. The 

necessity to accumulate a critical amount of peptide on the 

vesicle in order to induce leakage is also reflected in the 

dose response curves of Figure 10. 

It is likely that if we were able to extend the 

dose-response curves to higher peptide concentrations, the 

complete dose-response curves would appear sigmoidal. A 

sigmoidal dose -response curve has been interpreted to mean 

that a peptide forms multimeric channels in the membrane 

through cooperative interaction of the monomers (Juretic et 

al., 1989a and Westerhoff et al., 1989b). However, sig

moidal dose response curves have also been observed with 

detergents (Thron, 1964). In addition, the fact that leak-
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Figure 13 

Quantitative analysis of MGN2a-induced leakage of 6CF from 

PS SUVs. Relationship between the leakage rate and the 

amount of PS-bound MGN2a. 
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age is linearly dependent on r (Figure 13) also argues 

against a leakage mechanism based on aggregation of peptide 

monomers to form multimeric channels. 

Studies on the Biphasic Release of 6CF: 

a« Possibility of MGN2a-induced Global Destabilization 

of SUVs 

This biphasic leakage rate depended on both the pep

tide and the lipid concentration. As shown in Figure 14, an 

increase in the peptide concentration or a decrease in the 

lipid concentration resulted in an enhanced fractional 

leakage rate. As shown in the previous section, the ob

served leakage phenomenon involves a reversible binding 

process. 

One possible explanation for the biphasic release is 

based on the assumption that the packing of the lipids in 

SUVs is not in the lowest energy configuration for vesicles 

of this size. Conceivably, sonication could trap the lipids 

in a metastable state. If this were the case, addition of 

MGN2a could catalyze an initial rapid global relaxation of 

the structure to a state that is compatible with the geomet

ric constraints of the vesicle. 

If so, one would predict that a single addition of 

MGN2a would cause a rapid release of dye concomitant with 
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Figure 14 

Leakage of 6CF as a function of peptide and lipid concentra

tion. MGN2a-induced leakage of 6CF was obtained by adding 

small alicjuots of MGN2a to 6CF-loaded SUVs. Experimental 

conditions, where [P]^ is the peptide concentration in uM 

and [L] is the lipid concentration in uM are as follows: 

Line 1, [P]<,=0 and [L]=25-30; Line 2, [P]p=l,85 and [L]=25-

30; Line 3, [P]o=3,7 and [L]=50-60; Line 4, [P3o=3'7 and 

[L]=25-30. 
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inducing a relaxation of the vesicle, whereas subsecjuent 

additions of MGN2a to the vesicle would have much less 

effect on dye release. One would also predict that addition 

of MGN2a to LUVs would not show biphasic release kinetics. 

Figure 15 shows the effect of adding successive 

additions of MGN2a to SUVs, Clearly, each subsequent addi

tion causes an additional biphasic release of dye. Further

more, as shown in Figures 16 and 17 biphasic release kine

tics are also observed with LUVs. Therefore, it does not 

appear as if the biphasic release is due to an initial 

global reorganization of the lipids in the SUVs, or to some 

peculiar properties of the small vesicles. 

b. Possibility of SUVs Interacting with Water Soluble 

Aggregates of MGN2a 

Another explanation for the biphasic kinetics is 

that MGN2a, which may exist as aggregates in the concentra

ted stock solution, may initially bind to the vesicles in an 

aggregated form. Interaction of MGN2a aggregates with the 

lipid bilayer could cause disruption of the permeability 

barrier resulting in rapid release of 6CF, After the ini

tial interaction of MGN2a aggregates with the vesicle, the 

aggregates could disperse through lateral diffusion in 

conjunction with phospholipid repacking to form a moderately 

destabilized structure that permits slow leakage of 6CF, If 
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Figure 15 

Successive addition of MGN2a to 6CF loaded vesicles. Small 

aliquots of MGN2a, in the amounts indicated, followed by 

subsequent addition of equal aliquots of MGN2a were allowed 

to interact with 6CF loaded SUVs. 
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Figure 16 

MGN2a-induced release of 6CF from PS LUVs. Small aliquots 

of MGN2a were added to PS LUVs loaded with lOOmM 6CF pre

pared as described in Materials and Methods. PS concentra

tion was 25uM, in buffer A. 

•fill 
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Figure 17 

mn 

Semilog Plot of MGN2a-induced release of 6CF from PS LUVs. 

These curves are replots of the results shown in Figure 16, 
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this is true, then preincubation of MGN2a in buffer A before 

adding PS SUVs should allow for the dissociation of aggre

gates to form more monomers, and addition of vesicles to 

this MGN2a solution should display a much smaller fast 

release phase. 

Initial preincubation of 20ug MGN2a (3.7uM) in 

buffer A for 5 to 60 minutes prior to vesicle addition 

showed only a modest reduction in MGN2a-induced biphasic 

leakage of 6CF (Figure 18). Preincubation of MGN2a for 24 

hours prior to vesicle addition showed a marked reduction in 

the initial fast release of 6CF (Figure 19). However, as 

described below, it was determined that this observation was 

due to MGN2a binding to the walls of the tubes as has been 

demonstrated for melittin (Tosteson et al., 1985b). When 

3.7uM MGN2a was mixed with buffer A in a cuvette and allowed 

to stand for different times prior to vesicle addition, 

there was a small reduction in the overall leakage of 6CF 

(Figure 18). In contrast, when 3,7uM MGN2a was subjected to 

continuous stirring in buffer A in the cuvette for 5-60 

minutes prior to vesicle addition, there was significant 

reduction in 6CF leakage with almost complete removal of the 

fast phase after 60 minutes of stirring (Figure 20), This 

significant reduction in MGN2a-induced leakage could be 

eliminated by the following procedure. First, MGN2a was 

stirred in a cuvette for 1 hr to saturate the binding sites 

of the glass walls. This solution was then removed without 
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Figure 18 

Effect on functional activity of pre-equilibrating MGN2a in 

buffer A. MGN2a (3.7iiM) was added to 2ml of buffer A and 

allowed to stand for 5-60 minutes prior to addition of 6CF 

loaded vesicles (PS concentration = 28iiM) . 
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Figure 19 

Effect on functional activity of pre-equilibrating MGN2a for 

24 hours in buffer A. The indicated amounts of MGN2A were 

added to 2ml of buffer A in test tubes that were allowed to 

stand at room temperature for 24 hours. Dye release was 

initiated by the addition of 6CF loaded PS SUVs (PS con

centration = 26uM) to the MGN2a/ Buffer A mixture. 
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Figure 20 

The effect on functional activity of allowing MGN2a to pre-

ecjuilibrate in buffer A with continued stirring. MGN2a 

(3.7uM) was mixed with 2 ml of buffer A and stirred in a 

cuvette for 5-60 minutes prior to addition of 6CF (lOOmM) 

loaded vesicles. The PS concentration was 28iiM, 
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rinsing the cuvette. Second, fresh buffer and MGN2a were 

placed in the cuvette and stirred for l hour. Finally, dye 

release was initiated by addition of loaded vesicles to the 

cuvette containing MGN2a in buffer A (Figure 21) . 

The results of these studies showed that the bi

phasic release of 6CF induced by MGN2a does not result from 

aggregates of MGN2a interacting with the lipid bilayer. 

c. Possibility of Irreversible MGN2a Inactivation 

Another possible explanation for the biphasic re

lease kinetics is that MGN2a rapidly and irreversibly loses 

most of its lytic activity after it has interacted with 

lipid vesicles. (Since MGN2a is in a dynamic equilibrium 

between vesicle-bound and unbound states, one would have to 

assume that dissociation of inactivated MGN2a from a vesicle 

does not lead to reactivation of the peptide. If reactiva

tion occurred, only fast-phase release kinetics would be 

observed.) 

To test this hypothesis, MGN2a was preincubated for 

100 sec with 5uM unloaded SUVs followed by addition of 25uM 

6CF-loaded SUVs, and the kinetics of dye release was com

pared to a control in which the peptide was added to a 

mixture containing 5uM unloaded and 25uM loaded vesicles. 

The results, shown in Figures 22 and 23, indicate that 

preincubation may reduce the magnitude of the fast phase by 
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Figure 21 

Determination of the interaction of MGN2a with the walls of 

the cuvette. MGN2a (3.7uM) was placed in 2 ml of buffer A 

in a cuvette and stirred for 1 hour. This solution of MGN2a 

and buffer was discarded without rinsing the cuvette, and 

the same cuvette was refilled with 2 ml of buffer A and 

MGN2a (3.7uM) and the solution was stirred for 1 hour. PS 

concentration was 26uM. 
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Figure 22 

Effect on functional activity of MGN2a interaction with 

unloaded vesicles prior to addition of loaded vesicles. 

MGN2a, in the amounts indicated in the figure, was added to 

unloaded vesicles at a concentration of 5uM PS and allowed 

to interact for 100 seconds prior to addition of loaded 

vesicles at a concentration of 25uM PS. 
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Figure 23 

Addition of MGN2a to a mixture of loaded and unloaded 

vesicles. MGN2a, in the amounts indicated in the figure, was 

added to a mixture that contained unloaded vesicles at a 

concentration of 5uM PS, and loaded vesicles at a concentra

tion of 25uM PS. 
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Figure 24 

Addition of a mixture of loaded and unloaded vesicles to 

MGN2a in buffer A. A mixture that contained unloaded vesi

cles at a concentration of 5uM PS, and loaded vesicles at a 

concentration of 25uM PS was added to the indicated amounts 

of MGN2a in 2 ml of buffer A. 
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10-25% but biphasic release kinetics are still observed 

(Figure 25). If the inactivation hypothesis is correct, 

preincubation should have eliminated the fast phase com

pletely. Therefore, it seems unlikely that the biphasic 

kinetics results from vesicle-induced, irreversible inac

tivation of the MGN2a. 

Determination of the Mode of Dve Release from SUVs 

To characterize MGN2a-induced dye release it is 

necessary to determine whether MGN2a-treated vesicles re

lease dye in a graded or all-or-none manner. PS SUVs were 

prepared as described in Materials and Methods and 0.9 -

3.7uM MGN2a (5 - 20ug) was added to 25-30uM PS containing 

vesicles loaded with either 30mM or lOOmM 6CF. After moni

toring dye release on a fluorometer for either 100 sec (fast 

phase) or 500 sec, unloaded vesicles were added to arrest 

dye release as described in Materials and Methods and demon

strated in Figures 2 6 and 27. Vesicles were then separated 

from released 6CF by rapid passage over a 5ml Sephadex G-25 

column, and the vesicle fractions were analyzed for residual 

6CF, in the absence and presence of Triton X-100 (i.e., the 

%Q was determined). As shown in Tables III-V, the %Q values 

are consistent only with an all-or-none release mechanism. 

In similar studies, the mode of dye release was also 

assessed for SUVs treated with melittin, Triton X-100, and 
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Figure 25 

A semilog plot of the effect of MGN2a interaction with un

loaded vesicles. These curves are replots of the results 

shown in Figure 22. 

11 
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Figure 26 

Interaction of MGN2a with a mixture of loaded and unloaded 

vesicles of approximately equal PS concentration. MGN2a 

(lOug/ml, 3.7uM) was added to loaded SUVs (PS concentration 

= 30 uM) and unloaded SUVs (PS concentration = 29viM) . 

Control = MGN2a (3.7uM) added to unloaded vesicles 

only. 

UL + MGN + L = MGN2a (3.7uM) added to unloaded vesicles 

prior to addition of loaded vesicles. 

MGN + UL + L = MGN2a pre-equilibrated in buffer prior to 

addition of a mixture of loaded and unloaded 

vesicles. 

UL + L + MGN = Mixture of loaded and unloaded vesicles pre-

equilibrated in buffer prior to addition of 

MGN2a. 

Where, MGN = MGN2a, UL = unloaded vesicles and L = loaded 

vesicles. 
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Figure 27 

Addition of unloaded vesicles to a mixture of MGN2a and 

loaded vesicles. MGN2a (3.7uM,lOug/ml) was added to loaded 

vesicles at a PS concentration of 3OuM followed by addition 

of unloaded PS vesicles (PS concentration = 29uM) at the 

times indicated in the figure. 
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octylglucoside, Melittin interacted with PS SUVs to cause 

release of 6CF (Figures 28 and 29) and this release of 6CF 

appears to be biphasic, similar to that seen with MGN2a 

(Figures 30 and 31). Table VI shows that the %Q values do 

not correspond clearly with either the all-or-none or graded 

release modes although the %Q values are closer to all-or-

none. This might suggest that in adding melittin directly 

to the vesicles from the stock solution, a combination of 

aggregates and monomers of melittin are interacting with the 

lipid bilayer to cause predominantly all-or-none release 

with some graded release of dye. Indeed, Table VII does 

show that when melittin is allowed to pre-equilibrate in 

buffer A for 5 min prior to vesicle addition the %Q values 

are closer to a graded mode of release although a mixed 

release process is still evident. 

Triton X-100 was added to vesicles (or vice versa) 

which resulted in the release of dye from the vesicles over 

time (Figures 32-34), Semilog plots of the data suggest 

that as Triton X-100 is allowed to pre-etjuilibrate in buffer 

for various times before adding vesicles the kinetics of dye 

release appear to be at least bi-exponential (Figures 35-

37). Triton X-100 was allowed to pre-equilibrate in buffer 

A for 24 hours at room temperature in order to disassociate 

any detergent micelles in equilibrium with monomers. Tables 

VIII-X show that the measured %Q values are not clearly all-

or-none nor graded release, although after 24 hours of pre-
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Figure 28 

Melittin-induced release of 6CF from PS SUVs. 1 to 12ul of 

0,35mM Melittin (Img/ml, in buffer B) was added to 2ml of 

buffer A containing PS SUVs (PS concentration = 3OuM) . 
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Figure 29 

Effect on functional activity of pre-ecjuilibrating melittin 

in buffer A. 3 to lOul of 0.35mM melittin (l mg/ml, in 

buffer B) was allowed to pre-equilibrate in 2ml of buffer A 

for 5 minutes prior to addition of loaded PS SUVs (PS con

centration = 27\M) . 
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Figure 30 

Semilog Plot of melittin-induced release of 6CF from PS 

SUVs. These curves are replots of the results shown in 

Figure 28. 
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Figure 31 

Semilog Plot of 6CF release from SUVs added to melittin 

pre-ecjuilibrated in buffer A for 5 minutes. These curves 

are replots of the results shown in Figure 29. 
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Figure 32 

Triton X-100-induced release of 6CF from PS SUVs. 15 to 110 

ul of 0.1% Triton X-100 in buffer B was added to loaded 

vesicles (PS concentration = 30uM) in buffer A. The ug of 

added Triton X-100 are indicated in the figure. 
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Figure 33 

Triton X-100-induced release of 6CF from SUVs. 25 to 110 ul 

of 0.1% Triton X-100 in buffer B was allowed to pre-ecjuili-

brate in 2ml of buffer A for 5 minutes prior to addition of 

loaded vesicles (PS concentration of 30uM). The ug of 

Triton X-100 utilized are indicated in the figure. 
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Figure 34 

Triton X-100-induced release of 6CF from SUVs. 25 to llOul 

of 0.1% Triton X-100 in buffer B was allowed to pre-etjuili-

brate in 2ml of buffer A for 24 hours at room temperature 

prior to addition of loaded vesicles (Final PS concentration 

= 30viM) . 
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Figure 35 

Semilog plot of Triton X-100 induced release of 6CF from PS 

SUVs. These curves are replots of the results shown in 

Figure 32. 
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Figure 36 

Semilog plot of Triton X-100 induced release of 6CF from PS 

SUVs. These curves are replots of the results shown in 

Figure 33. 
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Figure 37 

Semilog plot of Triton X-100-induced release of 6CF from PS 

SUVs, These curves are replots of the results shown in 

Figure 34. 
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equilibration, the %Q values tend to suggest a more graded 

mode of release. However, these %Q values are not conclu

sive enough to indicate a strictly graded mode of release. 

However, they do suggest that some detergents may cause 

modes of release that indicate both all-or-none and graded 

release processes are occurring simultaneously. 

Octylglucoside, a nonionic detergent, interacted 

with vesicles to cause release of dye (Figure 38) and the 

release of dye appears to follow first order kinetics when 

OG is allowed to pre-equilibrate for 5 min before adding 

vesicles (Figure 39). Shown in Tables XI and XII are the %Q 

values that suggest that OG causes graded release of dye 

from PS sonicated vesicles with or without pre-equilibra-

tion. This observation is in line with the intuitive notion 

of how detergents affect the permeability barrier of the 

lipid bilayer before membrane solubilization. However, as 

demonstrated with Triton X-100, also a nonionic detergent, 

the mode of release may not always be completely all-or-none 

or graded. It is also interesting to note that detergents 

cause all-or-none release effects in yeast cells (Borst-

Pauwels, 1981). 

These data show that the peptides MGN2a and melittin 

display all-or-none and mixed modes of release respectively. 

OG causes graded release of dye and Triton X-100 shows a 

mixed mode of release. The mixed modes of release suggest 

that the kinetics of release are not single exponential and 
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Figure 38 

OG-induced release of 6CF from PS SUVs. 25 to 70ul of 10% 

OG in buffer B was allowed to pre-etjuilibrate in 2ml of 

buffer A for 5 min at room temperature prior to addition of 

loaded vesicles (Final PS concentration = 28uM), The mg of 

added OG are indicated in the figure. 
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Figure 39 

Semilog plot of OG-induced release of 6CF from PS SUVs. 

These curves are replots of the results shown in Figure 38, 
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thus the measured %Q values do not reflect a single process 

(i.e. all-or-none or graded release) but most probably a 

combination of all-or-none and graded release. Therefore, 

these findings would suggest that although MGN2a displays an 

all-or-none mode of release, which is generally attributed 

to channel/pore formation, MGN2a may still have detergent

like properties when interacting with the lipid bilayer. 



DISCUSSION 

We have examined the effects of MGN2a on the lipid 

bilayer permeability by using fluorescent dye-loaded PS 

vesicles. MGN2a-induced leakage of 6CF from PS SUVs is 

characterized by biphasic kinetics; dye release is initially 

fast followed by a slow release phase. This biphasic mode 

of release is not limited to SUVs but is also observed in 

LUVs, 

Several plausible explanations for biphasic release 

were examined. First, the lipid packing and/or size of the 

PS SUVs was considered because of their highly constrained 

lipid bilayer, PS LUVs were utilized to determine whether 

the unique size of SUVs was a contributing factor of the 

observed MGN2a-induced kinetics of release. However, bipha

sic release was still observed. We also entertained the 

possibility that StrVs, which are prepared by sonication, are 

trapped during preparation in a metastable state in which 

the monolayer mass ratio of lipids deviates from the ratio 

recjuired for maximum vesicle stability. If this is the 

case, the fast release phase could result from MGN2a-induced 

flip-flop of the lipids, accompanied by 6CF leakage. Flip-

flop and fast leakage would cease when the optimal monolayer 

mass ratio had been attained. To test this possibility, 

small amounts of MGN2a were added sequentially at 100 sec 

intervals to the SUVs, and the kinetics of dye release was 

137 
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monitored after each addition. If the metastable vesicle 

hypothesis is correct, one would expect that the first 

addition of peptide would enable the vesicle to relax to a 

more stable state, so that subsequent additions of peptide 

should not show biphasic kinetics. The fact that biphasic 

kinetics were observed with each addition of peptide argues 

against the metastable vesicle hypothesis. Second, we 

considered the possibility that aggregates of MGN2a, arising 

from the concentrated stock solution, could be destabilizing 

the lipid bilayer, leading to fast phase release. However, 

we found that preincubation of MGN2a in buffer A for up to 

24 hr prior to addition of 6CF loaded vesicles did not sig

nificantly alter the release kinetics. Third, we considered 

the possibility that MGN2a is rapidly and irreversibly 

inactivated after initial interaction with the PS SUVs. To 

test this, MGN2a was allowed to interact with vesicles con

taining no 6CF prior to addition of 6CF loaded vesicles. If 

vesicle interaction inactivates the peptide, then the fast 

release phase should not be observed. However, the data 

suggests that this too is an unlikely possibility because 

biphasic kinetics were still observed. Finally, it was also 

demonstrated by light scattering measurements that aggre

gation and/or fusion of vesicles was not apparent and there

fore was not a significant factor in the action of MGN2a. 

Having ruled out several mechanisms for MGN2a-in-

duced dye release, we are left with two mechanisms for 
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consideration. The first is that MGN2a forms multimeric 

channels in the bilayer, and the second is that it acts as a 

bilayer destabilizer, similar to a detergent. 

There are three lines of evidence against channel 

formation. First, our binding isotherm shows that inter

action of MGN2a with the vesicles is best accounted for by 

simple partitioning, which argues against significant aggre

gation of MGN2a in the bilayer. This is further supported 

by the observation that the fractional leakage rate is 

linearly dependent on r (the ratio of bound peptide per 

lipid molecule). If the functional lesion resulted from a 

small fraction of the peptide forming multimers within the 

bilayer, the fractional leakage rate would increase exponen

tially with r. 

Second, Williams et al, (1990) have shown that in 

membrane mimetic solvents or when associated with bilayers, 

MGN2a does not form helices long enough to span the mem

brane, (Of course, this cannot rule out the possibility 

that a small fraction of the peptide forms sufficiently long 

helices.) 

Third, channel activity in planar bilayers is seen 

with magainins only when high voltages are applied. In our 

system, there is no transmembrane potential to drive such 

channel formation. 

There are two lines of evidence that appear to favor 

channel formation. The first is that a critical number of 

^F' 
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peptide molecules must interact with the bilayer before 

leakage occurs (suggesting that a complete dose response 

curve is sigmoidal). Although this dose response behavior 

has been interpreted by some as evidence for the cooperative 

formation of peptide multimers, we point out that the same 

behavior has been observed with detergents. Indeed, the 

critical number for MGN2a is in the same range as is found 

for detergents (Matsuzaki et al., 1989a). Therefore, we 

discount this piece of evidence for channels. 

The second piece of experimental data that appears 

to strongly support channel formation is the mode-of-release 

studies showing that release of 6CF is all-or-none rather 

than graded. It is generally believed that detergents cause 

leakage exclusively by a graded mechanism whereas only 

channels can cause release by the all-or-none mechanism. 

However, we found that Triton X-100 shows some all-or-none 

release behavior, and it has been shown that both cationic 

and anionic detergents display an all-or-none mechanism in 

yeast (Borst-Pauwels, 19 81). Therefore, we do not believe 

that the mode-of-release studies can be used at this time to 

distinguish between channel-like and detergent-like be

havior. Clearly, more work with detergents is required to 

resolve the mechanism of detergent-induced leakage. 

The weight of evidence, in our view, supports a 

mechanism in which MGN2a acts as a bilayer destabilizer 

rather than as a discrete channel or pore. To explain the 
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biphasic release kinetics , we propose that the initial 

interaction of MGN2a with the vesicles creates a packing 

imbalance across the bilayer, forming an unstable complex 

that we shall call PV*. PV* then relaxes to a more stable 

structure via flip-flop of the lipids, as has been seen by 

Greenhut and Roseman (1985) in a study of cytochrome h^ 

interaction with vesicles. During the relaxation process, 

defects or "holes" are formed in the bilayer, having a 

statistical range of sizes. At a given peptide to lipid 

ratio, a small fraction of the holes will be large enough to 

allow rapid release of 6CF, If the lifetime of PV* is 

short, and the probability of forming large holes is low, we 

can account for the observation that a fraction of the 

vesicles show all-or-none release during the fast phase. 

Once the vesicles relax to a new equilibrium state, 

subsecjuent release of 6CF from the vesicles is slow. The 

slow release could be caused by MGN2a acting as a detergent, 

although it is possible that slow release takes place via 

the formation of channels so long as channel formation is 

very inefficient; by inefficient we mean that channels are 

produced with low frequency and involve only a small frac

tion of the bound peptide. This stipulation is required to 

account for the slow rate of dye release and the linearity 

of the binding isotherm. 

The model can be summarized in the following scheme: 
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P + v/ 

PV 

\. (Channel Formation) 

Fast release Slow release 

(PV represents a lipid packing imbalance) 

Both fates of the complex results in all-or-none release of 

the dye and the proportion of vesicles undergoing total 

disruption during the fast phase is greater as the concen

tration of peptide increases. In the secjuential addition 

study, where equal aliquots of MGN2a were added to PS SUVs 

(Figure 15) , this model would suggest that upon each addi

tion of peptide the vesicles rearrange to accommodate the 

added peptide with total disruption of some vesicles. Each 

subsecjuent addition of peptide creates further lipid packing 

imbalances resulting in rearrangement to accept the added 

peptide thus displaying biphasic release of 6CF. 

This model combines the present data with current 

reported data on MGN2a's interaction with the lipid bilayer 

in order to present a viable model to explain the action of 

MGN2a on this model membrane system. This model based on 

the PS membrane system could provide valuable insights about 

the action of MGN2a on its target membrane. However, there 

are still other areas that will require further investiga

tion to include characterization of the effective size of 

the membrane lesion, permeability effect of the magainins on 

vesicles of various lipid compositions, and more insight 
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about the nature of the initial membrane destabilization by 

various perturbants (i.e. peptides and detergents) before a 

more detailed mechanism can be proposed for the overall 

action of magainins. 
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